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Many genes controlling cell proliferation and survival (those most important to cancer biology) are now known to be
regulated specifically at the translational (RNA to protein) level. The internal ribosome entry site (IRES) provides a
mechanism by which the translational efficiency of an individual or group of mRNAs can be regulated independently of
the global controls on general protein synthesis. IRES-mediated translation has been implicated as a significant
contributor to the malignant phenotype and chemoresistance, however there has been no effective means by which to
interfere with this specialized mode of protein synthesis. A cell-based empirical high-throughput screen was performed
in attempt to identify compounds capable of selectively inhibiting translation mediated through the IGF1R IRES. Results
obtained using the bicistronic reporter system demonstrate selective inhibition of second cistron translation (IRES-
dependent). The lead compound and its structural analogs completely block de novo IGF1R protein synthesis in
genetically-unmodified cells, confirming activity against the endogenous IRES. Spectrum of activity extends beyond
IGF1R to include the c-myc IRES. The small molecule IRES inhibitor differentially modulates synthesis of the oncogenic
(p64) and growth-inhibitory (p67) isoforms of Myc, suggesting that the IRES controls not only translational efficiency,
but also choice of initiation codon. Sustained IRES inhibition has profound, detrimental effects on human tumor cells,
inducing massive (>99%) cell death and complete loss of clonogenic survival in models of triple-negative breast cancer.
The results begin to reveal new insights into the inherent complexity of gene-specific translational regulation, and the
importance of IRES-mediated translation to tumor cell biology.

Introduction

There are 2 distinct modes of protein synthesis in the cell. The
conventional mechanism for translation initiation involves
recruitment of the 40S ribosome to the cap structure at the 50

end of the mRNA, followed by linear scanning of the 50-UTR
until the initiation codon is reached. Non-canonical translation-
regulatory mechanisms such as that mediated by an internal ribo-
some entry site (IRES) allow the 40S ribosomal subunit to bypass
highly structured 50-untranslated sequences and enter at a point
much nearer to, or in the immediate vicinity of the initiation
codon.1,2 Importantly, these 2 modes of protein synthesis are not
equivalent. The conventional mechanism of cap-dependent ribo-
somal scanning is utilized for general protein synthesis, whereas
IRES-mediated translation appears to be reserved for synthesis of

those gene products most critical for cell proliferation and sur-
vival, providing a fail-safe or emergency system to ensure that
such essential polypeptides can be manufactured whenever
needed, particularly under conditions of stress.3-6

Cap-dependent ribosomal scanning is regulated through post-
translational modifications to general eukaryotic initiation factors
(eIFs) and other molecules which interact directly with these fac-
tors. In this manner, the overall rate of protein synthesis can be
globally increased or decreased, in response to microenvironmen-
tal cues and the physiological status of the cell. IRES-mediated
translation, by contrast, utilizes specialized sequence elements
within the 50-untranslated regions of the associated mRNAs, as
well as non-canonical translation-regulatory proteins known as
IRES trans-acting factors (ITAFs).7,8 In this manner, the IRES
provides a mechanism by which the translational efficiency of an
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individual mRNA or group of mRNAs can be regulated indepen-
dently of the global controls on general protein synthesis. In fact,
one of the defining characteristics of an IRES is its ability to
remain operational or even be upregulated under circumstances
in which general protein synthesis is severely compromised. 9-11

A number of cancer-related proteins are now known to be
translated via an IRES, and accumulating evidence from multiple
labs suggests that IRES-mediated translation may be of particular
importance to malignant cells.12-19 Elegant studies on the IRESs
associated with VEGF, FGF-2, c-myc, and XIAP have solidly
established the relevance of IRES-mediated translation to can-
cer.20-25 Furthermore, IRES-mediated translation has been

specifically implicated in metastasis and chemotherapeutic drug
resistance.26-30 It appears that tumor cells may depend on IRES-
mediated translation of key oncogenic proteins to promote their
own survival under adverse microenvironmental conditions or
exposure to cytotoxic agents.

Our lab has investigated the human IGF1R IRES in consider-
able detail. The IGF1R mRNA contains an extraordinarily long
50-untranslated region (1,040 nucleotides, GenBank: NG_
009492.1; Fig. 1) which adopts a highly stable secondary struc-
ture (DG>-500kcal/mole), with extensive internal base-pairing,
serving as a substantial impediment to scanning by the 40S ribo-
some.31 In addition, an upstream open reading frame (uORF)

Figure 1. Approach to identification of small molecule inhibitors of IRES-mediated translation. (A) The 50-untranslated region of the human IGF1RmRNA.
(B) Reporter constructs used to genetically engineer T47D human breast carcinoma cells for use in the high throughput screen to identify compounds
that selectively interfere with function of the IGF1R IRES. The bicistronic construct used for the screen contains the full-length IGF1R 50-untranslated
sequence (1,040 nucleotides including the IRES, GenBank: NG_009492.1), positioned between the Renilla and firefly luciferase coding sequences. Cells
stably transfected with the reporter construct containing the IGF1R 50-UTR (in monocistronic context) from which the core functional IRES has been
deleted were used for the counterscreen. (C) Scatter plot of representative raw data from one of the pilot HTS assays that preceded the full high-
throughput screen / counterscreen. Relative inhibition of IRES activity (firefly bioluminescence signal generated from cells stably transfected with the
bicistronic IRES reporter construct) is plotted vs. relative inhibition of signal generated by the cells stably transfected with the monocistronic control (no
IRES) construct. (D) Summary of compound progression path for identification of small molecule IRES inhibitors. (E). Structure of IRES inhibitor lead com-
pound P (cpd_P) D N-(4-anilinophenyl)-N0-[2-(4-chlorophenyl)ethyl]thiourea, MW 381; and candidate lead (false positive) cpd_T D N-[5-(5-isopropyl-1,3-
benzoxazol-2-yl)-2-methoxyphenyl]butanamide, MW 352. Two closely related analogs of cpd_P are also utilized, in which the chlorine substituent is
replaced by either a methoxy group (P-2) or a fluorine atom (P-3).
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positioned »300 nucleotides upstream of the authentic initiation
codon tends to derail many of the scanning ribosomes before
they reach the IGF1R coding sequence. The IRES allows the
ribosome to bypass the obstacles presented by the complex 50-
UTR. We delimited the core functional IRES to a 90 nucleotide
segment of the IGF1R 50-UTR positioned immediately upstream
of the initiation codon.32 Using site-directed mutagenesis to dis-
sect the sequence elements critical for IRES function, we deter-
mined that the IGF1R IRES recruits the 40S ribosome at least in
part by a Shine-Dalgarno-like (direct mRNA-rRNA base-pair-
ing) interaction between Stem2/Loop2 of the IRES and the
G961 loop (helix 23b) of the 18S rRNA.33 We found that trans-
lational efficiency through the IGF1R IRES is regulated by
dynamic, competitive interactions between sequence-specific
RNA-binding proteins which recognize and bind directly to the
core functional IRES, among which are hnRNP C (which stimu-
lates IRES activity)31 and HuR (an IRES repressor).32

IRES-mediated translation has traditionally been studied
through interventions (e.g. polioviral infection) which severely
compromise general protein synthesis, leaving only translation
initiated through non-canonical mechanisms such as IRES
active.34-35 Our objective here was to identify compounds capa-
ble of selectively interfering with IRES-mediated translation. The
identification of such a small molecule IRES inhibitor would
provide the opportunity, for the first time, to selectively perturb
this specialized mode of translation and assess the consequences.
Although considerable progress has been made toward elucidat-
ing the molecules and mechanisms involved in internal ribosome
entry, we realized there remains a substantial gap in knowledge
with regard to these factors, and therefore elected to employ an
empirical screening strategy, rather than attempting a rational
drug design approach based on the information currently in
hand. We hoped that such a compound would be useful for
investigating the contribution of IRES-mediated translation to
various physiological processes and pathological states. Further-
more, there was reason to speculate that such a small molecule
IRES inhibitor might eventually find clinical utility as well.

A cell-based high-throughput screen of 135,000 compounds
was performed to identify compounds capable of inhibiting
translation mediated through the IGF1R IRES. From this screen,
3 active lead compounds were identified which consistently and
completely block IGF1R protein synthesis in cells in a concentra-
tion-dependent manner under a variety of experimental condi-
tions. Here we describe in detail our initial characterization of
the first of those compounds. The emphasis of our experiments
was on assessing the molecular and phenotypic consequences of
IRES inhibition in malignant cells, focusing on IGF1R and c-myc
as representatives of 2 very different types of IRESs.

Results and Discussion

Approach to identification of small molecule inhibitors of
IRES-mediated translation

A cell-based functional assay and high-throughput screen of a
diverse chemical library (135,000 compounds) were used to

identify compounds that selectively inhibit translation mediated
by the IGF1R IRES (Fig. 1). We reasoned that such a cell-based
assay would provide physiologically-relevant and pharmacologi-
cally useful data, increasing the likelihood that a positive scoring
compound (and its derivatives) would function in intact biologi-
cal systems. T47D human breast tumor cells were genetically
engineered to express firefly luciferase under control of the
IGF1R IRES. The bicistronic IRES-reporter construct contained
the full-length human IGF1R 50-UTR (1,040 nt) including the
IRES, positioned between the Renilla and firefly luciferase coding
sequences. T47D was selected for this purpose because the
IGF1R IRES is particularly active in these cells.31 Control cells
stably transfected with a similar reporter construct (monocis-
tronic) containing the IGF1R 50-UTR but from which the core
functional IRES had been deleted (i.e. containing IGF1R 50-
UTR nucleotides 1-959) were used as a counterscreen, to elimi-
nate false positive compounds that exhibit non-specific cytotoxic-
ity, general inhibition of protein synthesis, or inhibit the firefly
luciferase enzyme itself. The assay underwent extensive optimiza-
tion and validation trials, ultimately reaching CVs of 8% and a
mean Z’ score of 0.75 (robust).

Of 135,000 compounds screened, »6400 scored positive, of
which 433 (0.3%) were confirmed active in dose-response titra-
tions. From the pool of 433 confirmed active hits, 60 high prior-
ity scaffolds were advanced to laboratory-scale biological assays
examining effect on the endogenous target. This selection was
based on relative potency, cheminformatic analyses, synthetic
accessibility, and chemical tractability. From this group, 3 prom-
ising lead compounds (representing distinct chemical scaffolds
designated W, P, and V) were identified which consistently and
completely block IGF1R protein synthesis, and induce dramatic
phenotypic alterations in human breast tumor cells.

Early experiments demonstrated that there was considerable
overlap in biological activity for the 3 lead compounds, but that
compound P (cpd_P) was consistently intermediate in its proper-
ties between those of W and V, and exhibited the broadest spec-
trum and range of phenotypic outcomes (as described in the
results below), and was therefore chosen as the most representa-
tive of the group for initial detailed analyses. Compound T
(cpd_T) was one of the high priority scaffolds which was ulti-
mately determined to be inactive against the endogenous IRES,
and is included as a representative false positive (negative control)
compound, as the basis for its ineffectiveness against the endoge-
nous IRES was instructive.

Characterization of small molecule IRES inhibitors by
reporter analyses

Detailed analyses of IRES inhibition by cpd_P were per-
formed, employing the same stably transfected IRES reporter
cells developed for the high throughput screen and counterscreen
(Fig. 2). Three parameters are scored throughout these titrations.
Firefly luciferase is indicative of IRES-mediated translation of the
second cistron of the bicistronic reporter construct. Renilla lucif-
erase represents translation (via cap-dependent scanning) of the
first cistron of the IRES-containing bicistronic construct. The
third parameter, designated M, represents translation of the
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firefly luciferase coding sequence in cells stably transfected with
the monocistronic construct containing the IGF1R 50-UTR from
which the IRES had been deleted. The M score serves as an inde-
pendent control for effects on general translational activity,
though it still contains a long, highly structured 50-untranslated
sequence.

Throughout these experiments, frequent use is made of low
serum conditions (acute serum deprivation, an abrupt decrease
from 5 or 10% fetal calf serum to 0.5% FCS in media), because
the stress of limiting soluble growth / survival factors simulates
the suboptimal growth conditions to which tumor cells are
exposed in the in vivo microenvironment,36 and increases depen-
dence on IRES-mediated translation, causing cells to become
more sensitive to IRES inhibition. Low serum culture conditions
have frequently been used to assess response to interventions
intended to affect IGF1R function.37 In addition, we have found
that cpd_P binds significantly to serum proteins, and thus its bio-
availability is actually enhanced in low serum media.

Panel A illustrates the results of the reporter analyses for
cpd_P in low serum media. Neither the Renilla curve nor the
M curve deviates substantially from 100%, yet the firefly
curve decreases dramatically and progressively in a concentra-
tion-dependent manner. Note however that the degree of fire-
fly inhibition reaches a plateau with »40% firefly luciferase
activity remaining. Initially, we interpreted this as indicative
of an inherent limitation in the degree of IRES inhibition;

however, when the same cells under the same conditions and
time period are treated instead with the universal protein syn-
thesis inhibitor cycloheximide (at the standard 100 mg/ml
concentration normally utilized for this purpose), firefly lucif-
erase activity reaches the same nadir (»43%, dotted horizon-
tal line), indicating that the observed limitation relates to the
inherent rate of turnover of the reporter enzyme rather than
the activity of the IRES inhibitor. (Note that our reporter
constructs utilized the second generation recombinant firefly
luciferase coding sequence (luc-plus) which was optimized for
activity, not the third generation version which was optimized
for rapid turnover.) In fact, considering this limitation
(equating maximal inhibition achievable with cycloheximide
to 100% inhibition), the data indicate that, at sufficient con-
centration, cpd_P completely blocks firefly luciferase transla-
tion (mediated through the IRES).

In full serum (Panel B), the effective concentration range for
cpd_P shifts further to the right. Again, cpd_P selectively inhibits
firefly (second cistron, IRES-mediated) translation. At sufficient
concentration, the degree of firefly inhibition by cpd_P approxi-
mates that observed with cycloheximide, indicative of an essen-
tially complete block to IRES-mediated translation. Two closely-
related analogs of cpd_P (P-2 and P-3, Panels C, D, E, and F)
were also tested, and exhibited reporter outcomes very similar to
those of the parent compound, selectively inhibiting IRES-medi-
ated translation of the second cistron.

Figure 2. Reporter analyses demonstrate selective inhibition of IRES-mediated translation by candidate lead compounds and analogs. T47D breast tumor
cells stably transfected with the bicistronic reporter construct containing the IGF1R 50-UTR / IRES or the monocistronic control construct (no IRES) were
seeded (in parallel) in 24-well plates and allowed 48 h to recover and resume proliferation, then treated with increasing concentrations (0 - 20 mg/ml) of
IRES inhibitor lead cpd_ P (A, B), analogs P-2 (C, D) or P-3 (E, F), or candidate lead cpd_T (G, H) as indicated, under either Low (0.5%) serum (A,C,E,G) or
Full (10%) serum (B, D, F, H) conditions. Following 24 h incubation, cells were harvested, lysates prepared, and firefly and Renilla luciferase activities
assayed. Three parameters are assessed: firefly (2nd cistron) translation, as a direct readout of IRES-mediated translation; Renilla (1st cistron) translation,
mediated by cap-dependent ribosomal scanning; and M, representing translation of the independent monocistronic control (no IRES). The dotted hori-
zontal line is indicative of the firefly luciferase activity measured following treatment with cycloheximide (100 mg/ml) for 24 h. All data § standard error.
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A second candidate lead compound (T), identified from the
same high throughput screen, was evaluated using the same
experimental strategy. Firefly luciferase translation decreases dra-
matically in both low serum and full serum conditions (Panels G
and H), reaching a nadir approximately equivalent to that
observed with cycloheximide at just 1–2.5 mg/ml, suggesting
that cpd_T might be an even more potent IRES inhibitor than
cpd_P.

Activity of IRES inhibitors against the endogenous
IGF1R IRES

The high throughput screen and dose-response titrations mea-
sured the ability of compounds to inhibit firefly luciferase expres-
sion in tumor cells genetically-engineered with an IRES reporter
construct. It was extremely important that we determine whether
these compounds would be capable of interfering with the func-
tion of the endogenous IGF1R IRES, effectively blocking transla-
tion of the IGF1R mRNA in genetically-unmodified (i.e.,
untransfected) cells.

The net decrease in IGF1R protein resulting from inhibition
of IRES activity, and how this
varies as a function of time and
concentration of the IRES inhibi-
tor cpd_P were assessed by western
blot (Fig. 3). The small molecule
IRES inhibitor is intended to
interfere with translation (i.e. syn-
thesis) mediated through the inter-
nal ribosome entry site, but it is
not expected to have any effect on
turnover of pre-existing protein
molecules. The T47D human
breast tumor cells are characterized
by a very high baseline expression
of IGF1R, and the mature mem-
brane-bound IGF1R protein has a
long half-life, therefore an effective
block to IGF1R synthesis might
not result in a rapid or drastic
change in net IGF1R protein
under otherwise equilibrium con-
ditions. Indeed this is the case, as a
net decrease in mature IGF1R pro-
tein in T47D cells treated with
cpd_P at concentrations � 5 mg/
ml was observed, but was limited
to »50% over a 72 hour period
(Fig. 3A). The IGF1R precursor
molecule, however, which is char-
acterized by a much more rapid
turnover, is effectively depleted in
association with cpd_P treatment.

We realized that it would be
beneficial to perturb equilibrium
so that a block to IGF1R synthesis
would be more readily apparent

across the backdrop of an inherently low rate of turnover of pre-
existing IGF1R molecules. We discovered that trypsinization
(the standard protocol for subculturing adherent cells) degrades
all pre-existing IGF1R molecules on the surface of the cell, forc-
ing cells to completely regenerate the entire population of mature
membrane-bound IGF1R molecules. We made use of this obser-
vation to specifically test the ability of cells to re-synthesize
IGF1R in the presence of cpd_P (Fig. 3B). Note that there is no
intact IGF1R remaining after trypsinization when drug treatment
is initiated, so the intensity of the band representing full-length
IGF1R is a direct reflection of the rate of IGF1R synthesis from
that point in time. The results indicate that, at sufficient concen-
tration (� 5 mg/ml), IRES inhibitor cpd_P completely blocks de
novo synthesis of IGF1R. This assay reflects the activity of the
compound against the endogenous IGF1R IRES.

Like the parent compound, analog P-3 also inhibits de novo
IGF1R synthesis following trypsin catabolism in a concentra-
tion-dependent manner (IC50 »7.0 mg/ml, Fig. 3C). However,
cpd_T shows no activity against the endogenous IRES, even at

Figure 3. Activity of IRES inhibitors against the endogenous IGF1R IRES. (A) T47D cells were seeded in 6-well
plates and allowed 48 h to recover prior to treatment with increasing concentrations of IRES inhibitor cpd_P
or vehicle control as indicated. Following 72 h continuous exposure to the compound, cells were harvested,
whole cell lysates prepared, equivalent aliquots separated by SDS/PAGE, and analyzed by western blot for
IGF1R. (B) Titration of IRES inhibitor cpd_P on regeneration of IGF1R following trypsin catabolism. T47D
human breast tumor cells were trypsinized and reseeded (in full serum) into 6-well plates and exposed
immediately to increasing concentrations of IRES inhibitor cpd_P. Following 24 h incubation, cells were har-
vested, whole cell lysates prepared, equivalent aliquots separated by SDS/PAGE, and assayed by western
blot for IGF1R. Robust regeneration of trypsin- catabolized IGF1R is observed within 24 h in vehicle (DMSO)
treated cells, however, this is completely blocked in the presence of cpd_P at � 5 mg/ml. Trypsin: lysate pre-
pared from cells immediately following trypsinization. The arrow marks the position of intact membrane-
bound IGF1R (b subunit). *asterisk marks the position of trypsin-catabolized IGF1R. Results confirm activity
of cpd_P against the endogenous IGF1R IRES in native (genetically-unmodified) tumor cells. (C) The trypsin
catabolism / regeneration assay was used to titrate IRES inhibition by analog P-3 and candidate lead cpd_T.
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concentrations 20-fold greater than that sufficient to inhibit
IGF1R IRES function in the context of the bicistronic reporter.

IRES inhibitor cpd_P and its analogs block de novo
synthesis of IGF1R in response to acute serum deprivation

The capacity of the small molecule IRES inhibitors to block
IGF1R synthesis was further evaluated in a second breast tumor
cell line (Fig. 4). SUM159 breast tumor cells express very low
IGF1R at baseline under standard culture conditions (5% FCS,
5 mg/ml insulin, lane 1). However, we found that these cells dra-
matically upregulate IGF1R synthesis in response to acute serum
/ insulin deprivation (0.5% FCS, no supplemental insulin, lane
2). The increase in IGF1R occurs specifically in response to the
decrease in concentration of soluble ligand for IGF1R in
the media, as IGF-1 and IGF-2 (the natural ligands for IGF1R)
are among the most important growth-promoting components
of fetal calf serum, and insulin (at the concentrations commonly
used for tissue culture media supplementation) also serves as a
ligand for IGF1R. In fact, if the cells are deprived of serum but
insulin supplementation is maintained, no increase in IGF1R is
observed (data not shown). In the presence of IRES inhibitor
cpd_P or analog P-2 or P-3 (lanes 3, 5, 6), this increase in
IGF1R was almost completely abrogated. In contrast, cpd_T is
completely ineffective in blocking this increase in IGF1R synthe-
sis (lane 4).

If the cells are simultaneously challenged with trypsinization
and acute serum / insulin deprivation, not only is an entirely new
population of IGF1R molecules synthesized, but the level of
IGF1R is also dramatically increased (lane 9). In the presence of
IRES inhibitor cpd_P, regeneration and upregulation of IGF1R

is completely blocked (lane 10). Analogs
P-2 and P-3 are also effective (lanes 12 and
13). Once again, however, cpd_T exhibits
no capacity to block IGF1R translation
(lane 11).

These results obtained for IGF1R in
SUM159 cells have important implica-
tions, demonstrating that sensitivity to
IRES inhibition (at the molecular level)
does not necessarily correlate with or
require high baseline expression of the tar-
get protein. In fact, the inability to selec-
tively upregulate synthesis of a key protein
when called for, particularly under stressful
or adverse microenvironmental conditions,
may render the cell vulnerable to drastic
phenotypic alteration or cell death (as
shown below). Most importantly, the
results indicate that cpd_P and its analogs
effectively inhibit translation of the endog-
enous IGF1R mRNA.

Basis for cpd_T as a false positive
IRES inhibitor

Although the reporter data indicate that
cpd_T has the capacity to interfere with

IRES function in the context of the bicistronic mRNA, the
western blot data indicate that this compound is completely inef-
fective against the endogenous IGF1R IRES (naturally monocis-
tronic mRNA). It is important to recognize that the IRES is
positioned directly in the path that scanning 40S ribosomes must
take to reach the initiation codon. Thus, for a compound to be
effective in blocking translation of the endogenous IGF1R
mRNA, it must not only interfere with IRES function, but also
effectively impede the progress of scanning ribosomes that
approach the IRES.

The fundamental difference between the bicistronic reporter
and the endogenous monocistronic mRNA is that the artificially-
positioned first cistron (Renilla coding sequence) of the bicis-
tronic reporter RNA, functioning essentially as a large upstream
open reading frame, essentially eliminates ribosomal scanning
through the IGF1R 50-UTR which is cloned downstream,
whereas in the endogenous IGF1R mRNA, in its natural mono-
cistronic context, 40S ribosomes are recruited to the beginning of
the 50-UTR, and proceed to scan, albeit with low efficiency,
through this highly structured sequence. In this manner, the
bicistronic construct insulates and protects the IRES from scan-
ning ribosomes, so that synthesis of the protein encoded by the
second cistron (firefly luciferase) provides a nearly pure read-out
of IRES-mediated translation initiation (beneficial to high
throughput screening).

It appears that cpd_T effectively blocks translation initiation
through the IRES only in the bicistronic context, where there are
no 40S ribosomes scanning through the 50-UTR. Thus, we attri-
bute the failure of this compound to inhibit translation of the
endogenous IGF1R mRNA to its apparent susceptibility to

Figure 4. IRES inhibitor cpd_P blocks de novo synthesis of IGF1R in response to acute serum depri-
vation. (A) SUM159 breast tumor cells were seeded in 6-well plates and allowed 48 h in full serum
media to recover and resume proliferation. Then, the standard growth media (which includes 5%
fetal calf serum and 5 mg/ml insulin) was replaced with media containing only 0.5% FCS and no
supplemental insulin, along with IRES inhibitor lead cpd_P, analog P-2 or P-3, candidate lead
cpd_T (each at 10 mg/ml), or vehicle (0.1% DMSO) control. After 24 h, cells were harvested, whole
cell lysates prepared, equivalent aliquots separated by SDS/PAGE and analyzed by western blot for
IGF1R: (B) Trypsin catabolism combined with serum deprivation. SUM159 breast tumor cells were
trypsinized and reseeded into 6-well plates and incubated immediately in the presence of com-
pounds as indicated, in low serum media (0.5% FCS, no supplemental insulin). Robust regeneration
and upregulation of IGF1R is observed within 24 h in vehicle (DMSO) treated cells, however, this is
completely blocked in the presence of IRES inhibitor cpd_P or analogs P-2 or P-3. *asterisk marks
the position of trypsin-degraded IGF1R.
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disruption by 40S ribosomes concomitantly scanning through
the IRES, which takes place on the endogenous monocistronic
mRNA but is artificially repressed by the design of the bicistronic
construct.

A precedent for such variability in translational inhibition was
established by our detailed characterization of the natural IRES-
repressor protein HuR.32 HuR when bound alone to the IGF1R
IRES, transiently delays translation initiation, but is actively dis-
placed by scanning 40S ribosomes. However, once HuR becomes
incorporated into a dysfunctional IRES - RNP complex, it
becomes impenetrable to scanning ribosomes, resulting in a per-
petual complete block to translation of the coding sequence
downstream. It appears that cpd_T is a weak IRES inhibitor,
behaving like HuR alone, susceptible to disruption by concomi-
tant ribosomal scanning through the IRES, and fails to effectively
block translation of the endogenous monocistronic IGF1R
mRNA. In contrast, active lead cpd_P is a strong (true positive)
IRES inhibitor, capable of locking the IRES-RNP complex into
a non-productive transition state that can withstand oncoming
scanning ribosomes, halting IGF1R translation completely.
Thus, the bicistronic reporter system is a more sensitive assay for
IRES inhibition, while the endogenous mRNA is a more strin-
gent test of an IRES inhibitor.

Spectrum of activity of the IRES inhibitor extends beyond
IGF1R and includes Myc

When we began our search for small molecules to interfere
with IRES-mediated translation, we could not project how spe-
cific such compounds would be for individual or groups of cellu-
lar IRESs. We realized that it was possible that the active
compound(s) might exhibit: (a) absolute specificity for the
IGF1R IRES; (b) pan-IRES activity, taking advantage of a prop-
erty common to all cellular IRESs; or (c) an intermediate degree
of specificity. The cumulative data acquired using a number of
experimental approaches clearly indicate that each of the active
lead compounds identified in our screen exhibits an intermediate
degree of specificity, impacting the translation of a distinct subset
of IRES-driven proteins.

We found that cpd_P (in fact, all 3 IRES inhibitor lead com-
pounds) are highly active against Myc, another critical oncogenic
protein known to be translated via an IRES. The c-myc IRES
allows the Myc protein to be translated under conditions such as
apoptosis during which general protein synthesis is largely atten-
uated.38-39 Relative to IGF1R, c-myc is inherently more amenable
to translational modulation because of the considerably shorter
half-life of the Myc protein, so that changes in rate of Myc trans-
lation (synthesis) are more rapidly reflected as changes in net
Myc protein.

The human breast tumor cell line SUM159 expresses Myc at
high level at baseline (Fig. 5A, lanes 1,2). Treatment of the cells
with cpd_P (Figure 5A, lane 5; Figure 5B, 24 hours) brings
about a dramatic decrease in p64 (Myc2), the dominant (onco-
genic) isoform of Myc, while simultaneously stimulating synthe-
sis of p67 (Myc1), the minor isoform of Myc, which has been
attributed potent growth-inhibitory and pro-apoptotic proper-
ties.40-41 Thus it appears that the small molecule IRES inhibitor

has the capacity to differentially modulate the translation of these
2 functionally distinct Myc protein isoforms.

c-myc is known to utilize an IRES, and it is known to have 2
alternative initiation codons (one for p64 and one for p67), but
the connection between these 2 translation-regulatory events had
not previously been established. Our results suggest that these 2
events are linked, that the IRES controls not only translational
efficiency but also choice of initiation codon (and thus which iso-
form will be synthesized), and the small molecule IRES inhibitor
impacts both of these parameters.

Figure 5. IRES inhibitor cpd_P is highly active against Myc and is distin-
guished from other translationally-active drugs. (A) SUM159 breast
tumor cells were subjected to acute serum / insulin deprivation (0.5%
FCS, no supplemental insulin) and simultaneously treated X 24 h with
IRES inhibitor cpd_P (10 mg / ml), rapamycin (100 nM in lanes 3, 6;
200 nM in lane 4), cycloheximide (100 mg / ml), anisomycin (10 mM), or
combinations of these reagents as indicated. Whole cell lysates were pre-
pared, equivalent aliquots separated by SDS/PAGE, and analyzed by
western blot for IGF1R and c-Myc. Insulin receptor, driven by its own
unique IRES,71,72 and mrtl, a Myc-related protein which does not require
use of an IRES,73 serve as controls. IRES inhibitor cpd_P differentially
modulates translation of the 2 Myc isoforms, decreasing abundance of
p64 (oncogenic), while increasing synthesis of p67 (growth-inhibitory). In
contrast, rapamycin secondarily stimulates synthesis of both isoforms of
Myc, while cycloheximide and anisomycin completely eliminate all Myc
protein. (B) Western blot results obtained for Myc after 24, 48, or 72 h
treatment of SUM159 breast tumor cells with variable concentrations
(1.0 - 10 mg/ml) of cpd_P in full serum.
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Hann et al.42 reported a similar shift in p64/p67 balance in
avian bursal lymphoma cells in association with high density
growth arrest. These investigators were able to attribute this phys-
iological reversal of the p64/p67 ratio specifically to depletion of
methionine from the media. Methionine depletion inhibits cap-
dependent translation initiation via a decrease in cap methylation
(dependent on S-adenosyl methionine as methyl donor), which is
required for recognition by the cap-binding protein eIF4E,43 sug-
gesting that the upregulation in p67 synthesis is IRES-mediated.
Furthermore, Nanbru et al.44 have demonstrated that the c-myc
IRES is capable of initiating translation from both the CUG
(p67) and AUG (p64) initiation codons in their native sequence
contexts in vitro. In addition, we observe here that p67 synthesis
increases upon treatment of cells with rapamycin (lanes 3, 4),
which inhibits translation mediated by conventional cap-depen-
dent ribosomal scanning. Together, these observations support
the conclusion that p67 synthesis is an alternate outcome of
IRES-mediated translation of Myc.

The activity of the small molecule IRES inhibitor can be
clearly distinguished from that of other translationally-active
drugs. Rapamycin does not impede IGF1R or Myc synthesis, in
fact both IGF1R and Myc (both isoforms) are enhanced even fur-
ther in rapamycin-treated cells (Fig. 5A, lanes 3 and 4). This
finding is consistent with published data showing that rapamycin
secondarily increases IRES-mediated translation, and in fact this
secondary increase in IRES-mediated translation is thought to be
a mechanism for resistance to rapamycin.45 IRES inhibitor
cpd_P not only blocks the increase in IGF1R translation in
response to serum deprivation, it also blocks the increase in both
IGF1R and Myc in response to rapamycin treatment (lane 6).
Thus, the IRES inhibitor functions in a manner which is essen-
tially reciprocal to, and dominant over, rapamycin. The effects of
the IRES inhibitor are also distinguished from those of cyclohexi-
mide and anisomycin, 2 universal inhibitors of protein synthesis,
which eliminate all Myc protein (lanes 7, 8).

Additional experiments were performed to evaluate the time
and dose-dependent changes taking place in Myc in cells contin-
uously exposed to cpd_P (Fig. 5B). At 24 hours there is first evi-
dence for an increase in the p67 isoform. This shift in translation
favoring synthesis of p67 continues through 48 hours and is asso-
ciated with a progressive decline in p64. By the 72 hour time
point, there is nearly complete disappearance of both Myc pro-
tein isoforms from cells exposed to � 5 mg/ml cpd_P. This
dynamic shift in the balance between the oncogenic and growth
inhibitory isoforms, culminating in a complete shutdown of Myc
translation, would be expected to have a drastic impact on cell
phenotype (see below).

Phenotypic consequences of sustained IRES inhibition
Next, cell viability was assessed as a function of concentration

and duration of exposure to the IRES inhibitor (Figure 6). Con-
tinuous exposure of SUM159 cells to 5-10 mg/ml cpd_P for
�72 hours results in loss of viability affecting 75 to >99% of the
breast tumor cell population. (An in-depth characterization of 2
distinct modes of cell death induced by cpd_P is the subject of an
ongoing investigation.) When the viability assays are repeated

under low serum conditions (0.5% FCS, Fig. 6B), precisely the
same pattern of response to cpd_P is observed. Furthermore,
beyond a critical threshold concentration, clonogenic survival of

Figure 6. Phenotypic consequences of IRES inhibition. (A) Viability of
SUM159 breast tumor cells assessed following treatment with increasing
concentrations of cpd_P for periods of 24 to 120 h. Cell survival is pre-
sented relative to the cell number at initiation of treatment (time
0 D 100%) § standard error. (B) The viability time course titrations of
IRES inhibitor cpd_P in SUM159 breast tumor cells were repeated under
Low serum (0.5%) conditions (all data § standard error). (C) Clonogenic
survival assay. SUM159 breast tumor cells were seeded at low density,
allowed 48 h to recover, then treated with increasing concentrations of
cpd_P in full serum for 72 h. Media was then changed, compound
removed, and cells allowed an additional 120 h to recover and form colo-
nies. Cultures were stained with MTT to enhance visualization of colonies.
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the breast tumor cells is completely eliminated (Fig. 6C). Note
that the concentrations of cpd_P required for effective inhibition
of IRES-mediated translation initiation are remarkably consistent
between the different types of assays utilized, with concordant
reporter and western (endogenous target) outcomes (IC50 in the
range of 5 - 10 mg/ml in full serum), and this same effective dose
range also applies to cytotoxicity and clonogenic survival.
Together, these results suggest that IRES-mediated translation is
of critical importance to the survival of malignant cells.

RNase protection analyses confirm that the changes in Myc
protein associated with IRES inhibition are not accompanied by
any discernible changes at the mRNA level

A series of RNase protection assays were performed to exam-
ine the status of the c-myc mRNA, and to place the results into
context with the dramatic alterations in Myc protein induced by
the small molecule IRES inhibitor. The human c-myc locus is
extraordinarily complex, with 4 distinct transcription start sites
generating 4 mRNA isoforms (P0, P1, P2, P3) which differ in
extent of the 50-untranslated sequence.46,47 The relative transla-
tional efficiency of each of the 4 c-myc transcripts, the degree to
which each utilizes the IRES, and the propensity for synthesis of
p67 versus p64 in vivo have not been established, except that the
P3 transcript, which initiates within the first intron, does not
include the IRES and is incapable of encoding p67.

A series of antisense probes bracketing each of the tran-
scription start sites was used to distinguish and quantify the
relative abundance of each of the 4 c-myc mRNA isoforms.
In addition, a probe overlapping the intron 1 – exon 2
boundary was used to measure the cumulative abundance of
all Myc-encoding mRNAs. For the SUM159 breast tumor
cells at baseline, we found that the P0 transcript accounted
for the overwhelming majority of c-myc transcripts, with the
intensity of the P0-protected band nearly equal to that pro-
duced by the exon 2 probe (representing total c-myc mRNA).
We were consistently unable to detect the presence of P1 or
P2 initiated transcripts, in spite of having tested 8 different
probes (both PCR-generated and plasmid-derived) covering
this sequence, and having amplified the template for these
probes directly from the genomic DNA of the cells from
which the RNA was isolated (to control for possible sequence
polymorphisms). Protection attributable to the P3 start site
was modest in intensity and equivocal. Thus, our findings
suggest that in SUM159 cells, the c-myc P0 transcript is
responsible for IRES-mediated translation of Myc, as well as
generation of the p67 isoform. This conclusion is consistent
with results reported by Nanbru et al.44, who demonstrated
that the c-myc IRES is active in the context of the P0 50-
UTR in transfected cells. This predominance of the P0 tran-
script in malignant cells is not without precedent, as c-myc is
expressed exclusively from the P0 transcription start site in
the majority (70%) of multiple myelomas.48.

The pattern of c-myc transcription was established in the mid-
1980’s in work focused primarily on hematological models (par-
ticularly Burkitt’s lymphomas). There is a paucity of experimen-
tal data directly addressing this issue in other cell types.

However, there is considerable evidence that the P0 promoter is
regulated independently of the P1 and P2 promoters, and that
P0 transcription or changes in chromatin structure surrounding
the P0 promoter often correlate more precisely with c-myc exon 2
levels and cell phenotype than do the other c-myc promoters
(e.g., downregulation of Myc accompanying differentiation of
HL-60 cells),47,49-51 suggesting that the P0 transcript may be of
major significance in c-myc function even in cells in which the P1
and P2 transcripts appear to dominate. In breast cancer, the sole
difference in c-myc chromatin structure between ER-positive and
ER-negative tumor cells is the significantly greater accessibility of
DNase I hypersensitive site II-2 associated with the P0 promoter
in the ER-negative cells.52

A time course assay was performed to assess whether any
changes occur in c-myc mRNA during treatment with cpd_P,
when dramatic alterations to Myc protein are taking place
(Fig. 7). SUM159 cells were treated with cpd_P for various peri-
ods of time (ranging from 1 hour to 72 hours), RNA recovered,
and equivalent aliquots hybridized to the P0, P1/2, P3, and
exon2 probes. The probes were prepared simultaneously, labeled
to equivalent specific activity, and the sizes of the protected frag-
ments are comparable, so that band intensities accurately reflect
the relative abundance of each of the mRNA species. Analysis of
these samples revealed no discernible alterations to the P0 tran-
script or to exon 2 (representing total c-myc mRNA). Further-
more, there was no evidence for utilization of the P1 or P2 start
sites, nor did the data suggest any change in P3 (minimal protec-
tion of full-length exon 2 probe, and additional data not shown).
These findings indicate that the dramatic alterations in Myc pro-
tein induced by the IRES inhibitor are not accompanied by any
corresponding changes in c-myc mRNA, i.e., no apparent alter-
ation in start site utilization, and no significant increase or
decrease in transcriptional activity (or mRNA stability), confirm-
ing that these changes take place exclusively at the translational
level.

Myc translation-regulatory status varies with cell context
The degree to which Myc translation relies on the IRES has

not been clearly defined, and apparently conflicting data on this
point exist in the literature. Evidence has been published sup-
porting a conclusion that Myc is translated via the conventional
cap-dependent ribosomal scanning mechanism (enhanced by
overexpression of eIF4E53), while other investigators have dem-
onstrated clearly that Myc is translated via an IRES (finding that
c-myc is among the small fraction of mRNAs which remain asso-
ciated with polysomes during polioviral infection, that the IRES
is responsible for Myc translation during apoptosis, and having
characterized biologically and clinically-relevant ITAFs and point
mutations34,54,55). We addressed this question, using the IRES
inhibitor cpd_P as a probe, and find that the status of Myc trans-
lational regulation varies with cell context.

MDA-MB-231 is another human triple-negative breast tumor
cell line which expresses Myc at a relatively high level. However,
the western blot data appear to indicate that Myc translation is
IRES-independent in these cells (Fig. 8). The first clue in this
regard is that Myc is decreased rather than increased by serum
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deprivation, suggesting that c-myc is not relied on as an acute
stress response gene in these cells. Furthermore, Myc actually
increases rather than decreasing when treated with IRES inhibitor
cpd_P. Importantly, IGF1R is quite sensitive to cpd_P in these
cells, as a significant decline in IGF1R is evident even within
24 hours. Apparently the turnover of pre-existing IGF1R is
quite rapid (likely a function of the extraordinarily high rate of
cell division exhibited by these cells). Thus IRES-mediated
translation is active in these cells, but Myc translation is
IRES-independent.

A contrasting set of results is provided by the ZR-75-1 human
breast tumor cell line (Fig. 8B). Myc is highly sensitive to IRES
inhibition, with a dramatic decline in p64 noted following
24 hours exposure to cpd_P under either full or low serum con-
ditions. No significant decrease in IGF1R is appreciated with
24 hours exposure to cpd_P, consistent with an inherently low
turnover of pre-existing IGF1R molecules, commensurate with
the low rate of proliferation of these cells (similar to what was
seen in T47D cells in Figure 3).

Myc is only modestly sensitive
to IRES inhibition in T47D cells
(data not shown). Thus, of our 4
breast tumor models, we have 2
(SUM159 and ZR-75-1) in which
Myc is IRES-dependent and
highly sensitive to IRES inhibi-
tion, and 2 in which Myc appears
to be either partially (T47D) or
completely (MDA-MB-231)
IRES-independent. We were curi-
ous to test whether Myc transla-
tional status in the different breast
tumor cell lines could be corre-
lated with differences in relative
abundance of the 4 c-myc tran-
scripts. Using the RNase protec-
tion strategy described above, we
consistently observed that the P0
transcript was highest in the
SUM159 and ZR-75-1 cell lines,
intermediate in T47D, and con-
siderably lower in MDA-MB-231
cells. The P3 transcript was
detected at roughly equivalent lev-
els, and there was no evidence for
P1 or P2 initiated transcripts
(data not shown). Although fur-
ther experimentation in a larger
number of cell types would be
required to arrive at a definitive
conclusion, these results suggest
that Myc IRES-dependence and
sensitivity of Myc to IRES inhibi-
tion correlate positively with rela-
tive abundance of the P0
transcript.

Dramatic loss of Myc from cells treated with IRES inhibitor
cpd_P

To confirm and extend these results, indirect immunofluores-
cence staining and confocal imaging were used to assess changes
in abundance and intracellular localization of Myc protein in
response to IRES inhibition (Fig. 8C). The ZR-75-1 breast
tumor cells express moderately high level of Myc protein at base-
line, localized predominantly to the nucleus. In cells treated for
24 hours with cpd_P, a dramatic decrease in the intensity of
Myc staining is observed, consistent with the western blot data
showing near complete disappearance of p64 under these same
conditions. ZR75-1 cells are uniquely well-suited for this assay
because these cells are not conducive to synthesis of the alterna-
tive isoform (p67) of Myc, which is transiently stimulated by
cpd_P in SUM159 cells. Thus the unilateral decrease in p64
allows for a more straightforward evaluation by immunofluores-
cence staining (where the antibody recognizes both isoforms).

Figure 7. RNase protection analysis of c-myc mRNA in human breast tumor cells treated with IRES inhibitor
cpd_P. (A) Diagram of the human c-myc locus and the series of antisense probes designed to assess the
abundance of each of the 4 c-myc mRNA isoforms. Sequence coordinates are as described in Gazin et al74

(GenBank: X00364). (B) RNase protection time course assay. SUM159 breast tumor cells were treated with
IRES inhibitor cpd_P (10 mg/ml in full serum) and harvested at selected time points. 5 mg of total RNA recov-
ered from each sample (or tRNA as negative control) was hybridized with each of the probes overnight at
42�C. An extensive series of pilot experiments had indicated that P0 is the predominant c-mycmRNA isoform
present in these cells, and that good resolution could be obtained by combining the P1/P2 and P3/exon 2
probes while analyzing the P0 probe separately. Following hybridization, samples were digested with RNase
A / T1, recovered by ethanol precipitation, and separated on 5% acrylamide, 8M urea denaturing gels. Only
1/20th of the amount of probe included in each digested sample was loaded in the positive control (undi-
gested) lanes. The P0 transcript is expected to protect a fragment of 149 nucleotides. Protected fragments of
504 and 342 nt are expected for the P1 and P2 transcripts. P3-initiated transcripts would be contiguous with
exon 2, and should protect the full-length intron 1 – exon 2 probe. With exon 2 beginning at 4506, the
spliced c-myc mRNAs (cumulatively) are expected to protect a fragment of 249 nt. The asterisk marks the
position of a faint band which maps to the 30 end of exon 1 and apparently represents a rare splicing event
for the P0 transcript (additional data not shown). The two gels were run in parallel and exposed to autoradi-
ography for the same amount of time. Pr D full-length probe (undigested). t D tRNA (negative control).
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MDA-MB-231 cells are highly
dependent on IRES-mediated
translation for their survival, even
though Myc in these cells is
IRES-independent

Since we learned that Myc was
IRES-independent in MDA-MB-
231 cells, we wondered whether
this would cause these cells to be
resistant to cpd_P, averting the
cytotoxicity that had been
observed in association with sus-
tained IRES inhibition in
SUM159 cells, in which Myc was
IRES-dependent (Fig. 8D). The
results indicate that 72 hours
exposure to cpd_P at � 2.5 mg/
ml is sufficient to trigger irrevers-
ible commitment to cell death in a
very large proportion of the cells.
Furthermore, beyond a critical
threshold in cpd_P concentration,
clonogenic survival of MDA-MB-
231 cells is completely eliminated
(Fig. 8E). Together, the results
indicate that Myc translation sta-
tus being IRES-independent in a
particular cell line does not mean
that those cells do not utilize the
IRES mechanism for translation
of other proteins, or that they are
not vulnerable to IRES inhibition.

Therapeutic modalities
designed to specifically inhibit
IGF1R function (blocking anti-
bodies, kinase inhibitors) when
used as single agents typically
induce growth inhibition, not cell
death, and combination with
other agents is required to elicit a
cytotoxic response.37,56,57 Thus it
is very likely that additional IRES-
driven proteins beyond IGF1R are
impacted by cpd_P and contrib-
ute to the loss of viability observed
in the MDA-MB-231 cells.

IGF1R and Myc as
representatives of 2 distinct
categories of IRESs

This investigation has focused on 2 oncogenic proteins,
IGF1R and Myc, both of which are unequivocally implicated in
the pathogenesis of a large proportion of human malignancies,58-
67 and both of which are translated through an IRES. The results
obtained for IGF1R and c-myc clearly indicate that there are fun-
damental differences in the way these 2 IRESs are organized,

how they operate, and their potential for modulation by small
molecule IRES inhibitors.

The IGF1R IRES is positioned immediately adjacent to the
initiation codon. cpd_P and its analogs are capable of completely
blocking IGF1R synthesis. The architecture of the human c-myc
50-untranslated region and IRES is considerably more complex,
with 2 alternative initiation codons, and the IRES ribosome entry

Figure 8. Myc translation-regulatory status evaluated on the basis of sensitivity to IRES inhibition. (A) MDA-
MB-231 or (B) ZR-75-1 breast tumor cells were treated for 24 h with IRES inhibitor cpd_P (10 mg/ml), rapamy-
cin (100 nM), cycloheximide (100 mg / ml), anisomycin (10 mM), or combinations of these reagents as indi-
cated, in either Full serum (10% for MDA-MB-231, 20% for ZR-75-1) or Low serum (0.5%) conditions. Cells
were harvested, whole cell lysates prepared, equivalent aliquots separated by SDS/PAGE, and analyzed by
western blot for IGF1R and c-Myc. (C) ZR-75-1 breast tumor cells were seeded in 8-well chamber slides,
treated with IRES inhibitor cpd_P (10 mg/ml) or vehicle control (DMSO 0.1%) for 24 h in low (0.5%) serum,
then stained for Myc, following PFA (2%£ 15 min) fixation and low (0.2%£ 10 min) Triton X-100 permeabili-
zation. Confocal imaging demonstrates dramatic loss of Myc from cpd_P-treated cells. DAPI staining in the
associated panels marks the locations of all nuclei in each field. (D) MDA-MB-231 breast tumor cells were
treated with cpd_P (0 - 10 mg/ml in low serum) for 72 or 144 h, or treated for 72 h followed by 72 h incuba-
tion in absence of compound (washout). The graph displays viability outcomes for the cpd_P-treated cells
relative to DMSO (vehicle)-treated controls (100%) § standard error. (E) Clonogenic survival assay. MDA-MB-
231 cells were seeded at low density, allowed 48 h to recover, then treated with increasing concentrations
of cpd_P in full (10%) serum for 96 h. Media was then changed, compound removed, and cells allowed an
additional 96 h to recover and form colonies. Cultures were stained with MTT to enhance visualization of
colonies.
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window positioned »100-150 nucleotides further upstream.23,68

The transient stimulation of p67 in association with progressive
down-modulation of p64 by cpd_P eventually squelches all Myc
translation and results in complete disappearance of both Myc
protein isoforms. Thus the c-myc IRES might be thought of as
operating more like a faucet than a switch, i.e. a control that can
be turned or twisted from “hot” to “cold” and then to “off.” In
contrast, the IGF1R IRES appears to operate more like a binary
(on – off) toggle switch. It will be interesting to determine how
many other IRESs resemble either IGF1R or c-myc in organiza-
tion, operation, and response to small molecule IRES inhibitors,
and how many other such categories of cellular IRESs may exist.

The phenotypic outcomes observed with sustained IRES inhi-
bition likely depend on combinatorial effects on multiple IRES-
driven proteins, which almost certainly extend beyond IGF1R
and Myc. Elucidation of the full spectrum of IRES targets
impacted by cpd_P will require a genome-scale approach, which
is currently underway.

Precise molecular target of the small molecule IRES inhibitor
IRES-mediated translation initiation is a complex process

involving the 50-untranslated region of the mRNA, a diverse
group of sequence-specific translation-regulatory proteins
(ITAFs), and the 40S ribosomal subunit itself. Each of these com-
ponents could potentially be impacted by a small molecule IRES
inhibitor. While additional experimentation will be required to
define the precise molecular target of cpd_P and its analogs, the
results may be most readily reconciled if the compound interacts
with the 40S ribosomal subunit rather than the IRES (50-UTR)
or an individual ITAF(s). The fact that cpd_P, which was identi-
fied on the basis of its ability to interfere with function of the
IGF1R IRES, was found also to dramatically impact the c-myc
IRES, suggests that this compound targets a feature or component
which these IRESs have in common. The primary sequences and
secondary structures of the IGF1R and c-myc IRESs do not exhibit
any notable similarity, the ITAFs identified for each of these
IRESs are distinct, and the physiological conditions to which each
of these IRESs responds and the purposes of their respective gene
products are highly dissimilar (except that both are implicated in
cell proliferation and malignant transformation).

There are numerous precedents for highly efficacious drugs
targeting the translational machinery. Many of these drugs are
antibacterial agents which exploit subtle differences between the
prokaryotic and eukaryotic ribosomes.69,70 We have identified a
compound that selectively interferes with IRES-mediated transla-
tion, apparently exploiting the subtle distinctions between the
conventional mechanism for translation initiation (cap-depen-
dent ribosomal scanning) and the encounter taking place when
the 40S ribosome engages the mRNA through the IRES.

Materials and Methods

Chemical Reagents
Compounds P, P-2, P-3, and T were solubilized in 100%

DMSO to a concentration of 10 mg/ml and used fresh or stored

at ¡20C. Stock solutions were diluted a minimum of 1:500 in
media such that final DMSO concentration did not exceed
0.2%, which was matched in vehicle-only control samples. Com-
pounds were thoroughly dispersed in media before adding to cells
and incubating for up to 72 hours. For incubations extending
beyond 72 hours, media was changed and compound re-added.

Cycloheximide and anisomycin were obtained from Sigma.
Rapamycin was obtained from Calbiochem.

Cells, constructs, and stable transfections
T47D human breast tumor cells were stably transfected with

the bicistronic IGF1R 50-UTR / IRES reporter construct (pDua-
lIGF1R(1-1040)), or the control (IRES-deleted) construct (plu-
cIGF1R(1-959)), together with a linear puromycin resistance
cassette (ClonTech). The derivation of pDualIGF1R(1-1040)
and plucIGF1R(1-959) has been previously described, and these
constructs have been utilized extensively for characterization of
the IGF1R IRES and its cognate IRES-regulatory proteins.31,32

Stable transfectants were selected with puromycin (2 mg/ml).
Once established, it was not necessary to maintain the cells in
puromycin, and cells utilized for experiments had not been
exposed to puromycin for at least 8 passages.

T47D (ER-positive) human breast tumor cells were obtained
from ATCC and propagated in RPMI1640 supplemented with
10% FCS and 10 mg/ml insulin. SUM159PT (triple-negative)
human breast tumor cells were obtained from Asterand and
propagated in Ham’s F-12 supplemented with 5% FCS, 10 mM
Hepes, 5 mg/ml insulin, and 1 mg/ml hydrocortisone. ZR-75-1
(ER-positive) human breast tumor cells were a generous gift
from Dr. Patsy Oliver and propagated in RPMI1640 with 20%
FCS. MDA-MB-231 (triple-negative) human breast tumor cells
were a generous gift from Dr. Dan Welch and propagated in
DMEM with 10% FCS.

Antibodies
Rabbit polyclonal anti-IGF1R (C-20, Santa Cruz) recognizes

both the b subunit of the mature membrane-bound IGF1R
(»90 kDa), as well as the ab precursor molecule (»200 kDa).
Other antibodies included c-Myc N262 for western blot, c-Myc
C33 for immunofluorescence, insulin receptor N-20 (all from
Santa Cruz), mrtl 131-5-2,73 and a¡tubulin (B-5-1-2, Sigma).
Secondary antibody for indirect immunofluorescence staining
was Alexafluor 488-conjugated goat anti-mouse IgG (Invitro-
gen). DAPI (40,6-Diamidino-2-phenylindole dihydrochloride)
was from Sigma.

High-throughput screen
The genetically-engineered IRES-reporter and control (IRES-

deleted) cells described above were used in a high-throughput
screen / counterscreen to identify compounds capable of selec-
tively inhibiting translation mediated through the IGF1R IRES.
The assay was adapted to high-throughput (384-well, robotics)-
compatible format, undergoing extensive optimization and vali-
dation trials, which led to establishment of a non-homogeneous
yet robust protocol with a mean Z’ score of 0.75 and CV of 8%.
Two replicate pilot screens (10,000 compounds) were performed
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on 2 separate occasions to confirm quality and reproducibility of
the data, prior to initiation of the full screen. The full screen /
counterscreen was performed on a diverse collection of 135,000
compounds, the bulk of which were obtained from Chembridge,
but which also included focused libraries enriched for com-
pounds known to be active on the translational machinery as well
as compounds capable of binding RNA or serving as RNA /
nucleoside analogs. Cells were incubated with compounds
(10 mg/ml final concentration) for 24 hours prior to measure-
ment of firefly luminescence. Each plate included wells treated
with a potent inhibitor of the luciferase enzyme which had been
validated for use as a positive control. Compounds were scored
positive if they exhibited a statistically significant degree of inhi-
bition of IRES activity (firefly luciferase activity � 3 standard
deviations below median of control) and no more than 20%
decrease in general protein synthesis (as measured using the coun-
terscreen). Compounds scoring positive in the initial screen /
counterscreen were re-tested using a 10-point 2-fold dilution
dose-response titration, to confirm activity and assess relative
potency.

Reporter assays
Stably transfected IRES reporter and control (IRES-deleted)

cells were treated in parallel with IRES inhibitors as indicated for
24 hours. Lysates were prepared (1X passive lysis buffer) and fire-
fly and Renilla luciferase activities were measured using the dual
luciferase system as recommended by the manufacturer
(Promega).

Western blot assays
Following incubation with IRES inhibitors or other agents as

indicated (see figure legends for details), whole cell lysates were
rapidly prepared by adding lysis buffer (containing 4% SDS and
720 mM 2-mercaptoethanol, preheated to 100�C) directly to
cell monolayer, recovery and addition of glycerol to 10%, and
heating for an additional 5 minutes. For instances in which cell
adhesion was compromised (e.g. trypsinization followed immedi-
ately by exposure to IRES inhibitor), care was taken (using cen-
trifugation) to ensure recovery of loosely adherent or floating
cells. Equivalent aliquots (by protein content) were separated on
10% SDS/PAGE gels, transferred to 0.2 mm nitrocellulose mem-
branes, and subjected to standard immunoblotting procedures
followed by chemiluminescence image capture.

RNase protection
Probe templates were amplified from normal human placental

DNA or genomic DNA recovered from breast tumor cell lines,
incorporating the T7 promoter into the 50-tail of the reverse
primer. Radiolabeled probes were transcribed in vitro in antisense
orientation using T7 RNA polymerase (Promega) in the presence
of [a-32P]-UTP. RNA was recovered from cells using Qiazol
reagent. RNase protection was performed using the RPA III kit
(Ambion) and following precisely the manufacturer’s protocol.
Briefly, following hybridization of probe with cellular RNA over-
night at 42�C, samples were digested with RNase A / T1 for
30 min at 25�C, then precipitated, separated on 5% acrylamide /

8M urea denaturing gels, and results obtained by
autoradiography.

Cell viability assays
Cell viability was assayed using standard MTT ((3-[4,5-dime-

thylthiazol-2-yl]-2,5- diphenyltetrazolium bromide), Sigma) pro-
tocol. Briefly, at selected time points, sterile MTT solution was
added directly to cell cultures (final 250 mg/ml), incubated for
3 hours, after which media was aspirated, formazan dye solubi-
lized in DMSO, and absorbance at 570 nm recorded (correcting
for background at 670 nm).

Immunofluorescence staining and confocal imaging
Cells were seeded in 8-well chamber slides (Nunc) and

allowed 48 hours to recover and resume proliferation prior to
treatment with cpd_P (10 mg/ml) or vehicle control (0.1%
DMSO) for 24 hours. Cells were fixed with freshly prepared 2%
paraformaldehyde for 15 minutes, followed by permeabilization
with 0.2% Triton X-100 for 10 minutes at room temperature.
After blocking with 10% normal goat serum in PBS for
45 minutes, cells were incubated with monoclonal anti-c-Myc
(C33, Santa Cruz) at 1:100 dilution in blocking solution for
1 hour at room temperature. After two consecutive washes in
PBS and re-blocking, secondary antibody (AlexaFluor 488-con-
jugated goat anti-mouse IgG, highly cross-adsorbed, Life Tech-
nologies) was added for 45 minutes at room temperature.
Following two additional PBS washes, nuclei were stained with
DAPI (0.2 mg/ml), and mounted using ProLong Gold (Life
Technologies). Images were captured using a Nikon A1 confocal
instrument with 40X 1.3NA objective. Paired images of control
and experimental wells were acquired sequentially and all settings
including laser power, PMT voltage, and pinhole were held con-
stant between samples. Prior to the definitive experiments, a
series of trial assays had been performed in which concentration
and duration of exposure to paraformaldehyde and Triton X-100
were varied and optimal conditions for staining determined.
Controls incubated with secondary antibody alone were used to
document specificity of staining.
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